Summary Silver birch (Betula pendula Roth) seedlings were grown individually in containers arranged in rows radiating from a central point (Nelder plot) at densities spanning the range from 207 to 891 plants m -2 . Height of one set of seedlings was measured at weekly intervals and additional seedlings were harvested each week for dry mass and leaf area measurements. Height and shoot:root dry mass ratio increased with plant density. Seedling-to-seedling variability in dry mass, but not height, increased with increasing plant density. The red to far-red (R:FR) photon ratio in horizontally propagated radiation decreased with increasing density, even when plant densities and leaf area index values were low.
Introduction
Plant spacing, or density, is an important management variable in the production of forest nursery stock. In the case of container grown stock, plant density is usually directly related to container volume, although the relationship can be altered by changing the ratio of container width to depth or by adding space between containers.
There is only limited information about how above-ground spacing affects tree seedling growth and morphology independently of belowground effects of plant density on water and nutrient resource availability. Aphalo and Rikala (2003) reported on the effect of a limited range of container nursery seedling densities including effects on nursery stock properties and performance after transplanting to a forest site. However, additional information could lead to improved methods for producing seedlings in containers and a better understanding of how tree seedlings are adapted to compete with other vegetation.
Plant morphology is strongly affected by plant spacing, which affects both the availability and quality of light. The main effect of light quality on plants is mediated by phytochromes, a family of photoreceptors capable of sensing the red:far-red (R:FR) photon ratio of incident light (e.g., Smith 1981 , 1994 , Casal and Smith 1989 , Smith and Whitelam 1997 . The responses of plants to light availability are related to habitat preference, shade-avoiding growth responses being more marked in sun plants than in shade plants (Morgan and Smith 1979) .
Beside avoidance mechanisms, tree seedlings adapt to shade through a variety of morphological and physiological responses, including changes in specific leaf area (SLA). Some shade responses are regulated by the R:FR light ratio (Lee et al. 1996) . However, even in the absence of shading, plants sense the presence of neighboring plants through the R:FR ratio of the light that they reflect and make anticipatory adaptive responses (Aphalo and Ballaré 1995 , Ballaré 1999 , Aphalo et al. 1999 .
Height growth of silver birch seedlings is stimulated by supplemental lateral irradiation with FR light (Aphalo and Lehto 2001) , which simulates the presence of neighboring plants.
In experiments with canopies of three tree species, each grown at a range of densities, Gilbert et al. (2001) observed a strong correlation between extension growth and the phytochrome photoequilibrium estimated from measurements of R:FR ratio of horizontally propagated light within the canopy. The estimated photoequilibrium was in turn correlated with projected leaf area (projected on the target tree and used as an estimate of leaf area in the neighborhood of the target tree that is capable of scattering radiation in the direction of the target tree).
Data from monospecific canopies of herbaceous plants indicate that photomorphogenic responses to plant density (rapid elongation of shorter plants) reduces heterogeneity in plant height relative to heterogeneity in plant dry mass (Ballaré et al. 1994, Ballaré and Scopel 1997) .
Nelder plots (Nelder 1962) , comprising rows of plants radiating from a central point, have been used in previous studies of the physiological basis of tree seedlings responses to plant density (e.g., Doran et al. 2001) . Ritchie (1997) used Nelder plots to study the relationship between horizontally propagated R:FR light ratio and height growth of potted Douglas-fir (Pseudotsuga menziesii (Mirb.)) seedlings. He also measured R:FR in Nelder plots of larger field-grown trees.
In the present study, we used Nelder plots of potted seedlings of the broadleaf species, silver birch (Betula pendula Roth) to study seedling responses to growth density. The objective was to analyze how density affects inter-plant variability in growth, morphology and mineral nutrient content and to test the hypotheses that: (1) morphological responses to shade reduce variability in plant height relative to variability in dry mass; and (2) silver birch seedlings can respond to plant density by sensing the R:FR ratio of horizontally propagated light.
Materials and methods

Experiments to study seedling responses to density
Silver birch seedlings were grown from seeds obtained from a seed orchard in central Finland. The seeds were germinated in peat-filled boxes. On Week 23 of the year, when the first true leaf was visible, the seedlings were transplanted to individual containers (165 ml, SC-10 super cell cone-tainers, Stuewe and sons, Corvallis, OR) filled with fertilized and limed peat (Tree seedling peat, Vapo Co., Finland; pH 5.1) and grown for one season. The containers were placed in purpose-built racks with rows radiating from a central point following a Nelder pattern of increasing spacing between arcs. Each rack covered a 66°30′ sector of a circle with 11 spokes 6°39′ apart and spanned 12 arcs at densities between 137 and 1363 seedlings m -2 (Figure 1 ). Two border rows of seedlings surrounded the measured plants on all sides. Consequently the studied plant densities were from 207 to 891 seedlings m -2 (Figure 1 ). In a Nelder plot, arc numbers are linearly related to the logarithm of density. There were two groups of four racks and within each group the racks were arranged in a successive rotation of 90°, forming a circle with aisles for access. Throughout the experiment, seedlings were supplied weekly with a fertilizer solution (Superex 6, Kekkilä Oy, Finland) directly applied to the peat surface. Total amounts of nutrients in the peat's base fertilization plus the additional fertilization (micronutrients) were per seedling: nitrogen (N) = 17 + 100 mg; phosphorus (P) = 12 + 18 mg; and potassium (K) = 24 + 120 mg. The experiment, which was conducted in a ventilated polyethylene tunnel greenhouse, was performed in two successive years. In the first year, there were four seedling harvests, whereas in the second year there was only a single harvest, which was made after leaf fall.
For the Year 1 harvests, seedlings from four randomly chosen spokes of the Nelder plot, one from each of four racks, were harvested every other week (Weeks 26 to 38 of the year). Height, leaf area, root collar diameter and dry mass of leaves, stems and roots were measured. After each harvest, the remaining spokes were moved to close gaps in the canopy created by the removal of seedlings for analysis. Additional harvests, were made at the time of elongation growth cessation (Week 35) and after leaf fall (after Week 40). At each of these harvests, eight seedlings were taken per density (i.e., arc of the Nelder plot), two from each of four seedling racks. In this case, each seedling main stem was cut lengthwise into 10 cm sections, and the dry mass and leaf area of each section measured.
In Year 2, nondestructive height measurements were made starting 3 weeks after transplanting. Measurements were made on the same 12 seedlings per density at each date every week during the period of most rapid growth and every other week when growth slowed at the end of the summer. At the single Year-2 harvest, all seven non-border spokes of four racks of seedlings were harvested.
In Year 1, nitrogen concentration was measured on pooled (per rack) and ground samples with a CHN analyzer (CHN- Lincoln, NE) , respectively, and the data stored by a datalogger (21-X, Campbell Scientific, Shepshed, U.K.). In the first year, the R:FR photon ratio of horizontally propagated radiation was measured on Weeks 27 and 28 (4 and 5 weeks after transplanting) around solar noon on days with clear skies. Measurements were made with an R:FR sensor (SKR110, Skye Instruments, Llandrindod Wells, U.K.) with a cylindrical light collector attached (Ballaré et al. 1987) . For the measurements, individual seedlings were replaced with the sensor and readings taken along one spoke on each of the four racks. Additional measurements were taken in the space between the racks, at least 2 m from the nearest seedling.
Responses to R and FR irradiation
In a controlled-environment chamber, seedlings were grown from seed in identical pots (i.e., 165 ml cone-tainers). Seedlings were thinned to one per pot as the first true leaf became visible. The pots were filled with a mix of unfertilized peat and quartz sand (9:1, v/v), and the seedlings fertilized with a balanced nutrient solution (Superex 6) with concentrations increasing in time following a relative addition rate of 15% per day. The conditions in the growth room (GR-77, Conviron, Winnipeg, Canada) were: day/night air temperature of 20/15°C, relative humidity about 70%, an 18-h photoperiod and I of 350 µmol m -2 s -1 with an R:FR photon ratio of 1.15. Light was supplied by both fluorescent tubes (VHO 215W, cool white, Sylvania) and 60-W incandescent lamps.
The treatment consisted in irradiating growing internodes for 6 days with red (nominal 660 nm) and far-red (nominal 735 nm) light emitting diodes (LEDs, QDDH66002 and QDD-H73502, Quantum Devices, Barneveld, WI; Figure 2 ). The LEDs were located 2 cm from the target internode and provided an irradiance at the stem surface of 80 µmol m -2 s -1 . The treatment started when the seedlings were 45 days old. Seedlings of similar size were grouped into 14 blocks of three seedlings and the three treatments assigned at random within each block.
Statistical analysis
Each dataset collected from a Nelder experiment included four racks, with individual seedlings as experimental units. However, the chemical analyses were done on one pooled sample per rack and seedling density. Univariate data were analyzed by fitting linear models generalized least squares and linear mixed effects functions from the nlme library version 3.1 (Pinheiro and Bates 2000) running under R version 1.4.1 or 1.6.2 (Ihaka and Gentleman 1996) . The logarithm of density (numeric variable or covariate; fixed effect) and the rack (factor or categorical variable; random effect) were initially both included in the models. The random effect for the racks was small and could not be estimated with precision and was therefore left out of the model in the definitive analyses. The logarithm of density was included as a fixed effect, both as a linear term and a quadratic term. Probabilities shown for the effect of density on the mean of the response variables are for the joint test of these two terms (see Appendix for models). The normality of the distribution of the standardized residuals was assessed graphically with quantile-quantile normal plots, and in the case of specific stem length (SSL) and sturdiness, it was necessary to use a logarithmic transformation of the data. Homogeneity of variance was initially assessed visually in plots of standardized residuals versus fitted values and of standardized residuals versus the logarithm of the density. In some plots, it was evident that variability between seedlings changed with plant density. Consequently, to test for the effect of the treatment (logarithm of density) on the variability, the model was refit, for each response variable, adding a weight term with a power of variance function with the logarithm of density as a variance covariate. This new fit, allowing for heterogeneous variance dependent on the density, was compared with the initial fit, which assumed homogeneous variance by means of a log likelihood test, which follows a χ 2 distribution. The probabilities from this test indicate whether the variance changed significantly with plant density. Furthermore, if the heterogeneous variance model was significantly better than the homogeneous variance model, the probabilities reported for the effect of density on the mean of the response variable are from this fit. The use of a variance covariate is analogous to the use of an ordinary covariate in a statistical model, but it is used to describe the relationship between a covariate and the variance of the dependent variable rather than describing its relationship to the mean.
Multivariate data of the height profiles for leaf area and dry mass were analyzed with the MANOVA function of R. For MANOVA, significance was tested with the Pillai-Barlett test.
In the case of data from sequential harvests, a nonlinear mixed effects model (nlme function of the nlme package) was used to fit a growth curve with a logistic function, with rack as a grouping factor for the random effects. For the analysis of height growth in Year 2, a similar analysis was done, but with seedling as a grouping factor for the random effect because height was repeatedly measured on the same seedlings. (In Year 1, height as well as dry mass and leaf area were measured on different seedlings at each date). In all cases, the assumption of homogeneity of variance did not hold and the fitted value was used as a variance covariate with a power of variance function (Pinheiro and Bates 2000) .
Before computing the ANOVAs, values from three suppressed seedlings were culled from the data from the harvest at the time of height growth cessation of Year 1. At the harvest after leaf fall in Year 1, five plants out of 64 were not harvested. At the harvest in Year 2, values for four suppressed seedlings were culled out of 224 potentially measured seedlings of which three were not harvested.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SPACING AND THE MORPHOLOGY OF BIRCH SEEDLINGSHeight growth data from the R and FR irradiation experiment were subject to repeated measures analysis, with seedlings and blocks as grouping factors for random effects. We used the linear mixed effects function of the nlme library, Version 3.1 (Pinheiro and Bates 2000) and R, Version 1.3.0, (Ihaka and Gentleman 1996) .
Results
Red to far-red photon ratio
As reported by Aphalo et al. (1999) , the R:FR ratio of horizontally propagated radiation decreased with increasing density, from about 0.75 outside the canopy to 0.6 at a density of 207 seedlings m -2 to 0.32 at 890 seedlings m -2 . At the lower plant densities, the decrease in R:FR was a result of an increase in FR caused by reflection by the foliage of neighboring seedlings, but at higher densities absorption of R also played a role.
Year 1, sequential harvests and measurements
Density had a large effect on asymptotic final height and a small effect on the scal shape parameter of the logistic function fitted. Density had a smaller, but nonetheless highly significant, effect on maximum green leaf area, but no effect on final total dry mass (Table 1) . For these two variables, density had no significant effect on the time at which 50% of the asymptote was attained or on the shape of the fitted logistic curve. Furthermore, this time was almost the same for height and leaf area growth, but occurred 10 days later for dry mass growth as would be expected for a later cessation of stem diameter and root growth.
Year 1, at cessation of height growth
The vertical distribution of leaf area was affected by density ( Figure 3 ; MANOVA: P < 0.0001, with P < 0.05 from univariate ANOVAs for the layers 0-10, 20-30, 30-40 and > 40 cm). Total leaf area per seedling was smaller at low densities compared with intermediate and high densities and its variability increased with increasing density (Figure 4a ; Table 2). The smaller leaf areas of seedlings grown at low density, despite a larger number of leaves, is explained by the smaller size of the leaves (Figures 4b and 4c ; Table 2 ). The greater number of leaves at low density had two causes: fewer leaves senesced and dropped early; and there were more leaves per branch, whereas the number of nodes on the main stem was unaffected (overall median number of nodes = 15, first quartile = 14, third quartile = 16; Figures 4c and 4d; Table 2 ). The number of leaves per seedling was more variable at low densities when more leaves were located on branches; however, the significance of this effect depended on data from one seedling that had 31 leaves.
At cessation of height growth in Year 1, total dry mass per seedling was unaffected by density, but variability was higher at high densities ( Figure 5a ; Table 2 ). Dry mass allocation to stems and roots was altered, but allocation to leaves was not ( Figure 5b ; Table 2 ). Root mass ratio was highest at the lowest density.
Specific stem length (length per unit mass) was unaffected by density (data not shown; Table 2 ) because seedlings grown at low density had shorter stems, but with less mass (Figure 5d ; Table 2 ). Leaf area ratio (LAR) and its variability increased with density ( Figure 5c ; Table 2 ), which explains the increase in leaf area despite no change in total dry mass allocation to leaves.
Nitrogen content per seedling was unaffected by density, although its variability was greater at high plant densities (Figure 6a ; Table 2 ). However, leaf nitrogen content ration per unit dry mass basis, was higher in seedlings grown at high density ( Figure 6b ; Table 2 ). Nitrogen concentration in stems was significantly affected by density, but the pattern was not as clear as in leaves. Nitrogen concentration in roots was unaffected by density. Nitrogen concentration per unit leaf area slightly decreased with increasing density, whereas SLA increased ( Figure 7 ; Table 2 ). Variability in SLA also increased with density.
Year 1, after leaf fall
After leaf fall, total dry mass of seedlings at a low density was slightly more than that of seedlings grown at high density (data not shown; Table 2 ). Similarly root collar diameters were greater in seedlings at the low densities (data not shown; Table 2). More dry mass was allocated to roots at the lower densities. At low densities, plants were shorter (data not shown; Table 2 ) with slightly lower specific stem length (data not shown; Table 2 ). Nitrogen content per seedling was higher at low density than at high density (data not shown; Table 2 ). Nitrogen concentrations in stems and roots were unaffected by density (Table 2) .
Year 2, height growth throughout the growing season
Height increased with increasing plant density (Figure 8) . Based on an analysis with a nonlinear mixed effects model to fit a logistic curve, we found a significant effect of density on the asymptotic final height (P < 0.0001) with a small, but significant effect on the timing of 50% final height (P < 0.0001) and steepness of the curve (P = 0.13). The effect of density on timing was such that height growth stopped slightly earlier at low densities than at high densities: the largest difference was 1.2 days for attaining half final height (see Table 1 for parameter estimates).
Year 2, after leaf fall
Seedlings grown at low densities were the shortest and the response was not linear with the logarithm of density, but tended to level off at the highest densities (Figure 9d ; Table 3 ). Specific stem length was smaller in seedlings grown at low density (data not shown; Table 3 ).
Total dry mass of the seedlings was unaffected by density; however, dry mass variability increased with density (Figure 9a ; Table 3 ). Density had no effect on root collar diameter, but it increased variability in root collar diameter (data not shown; Table 3 ). Dry mass allocation to roots and stems TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SPACING AND THE MORPHOLOGY OF BIRCH SEEDLINGS 1231 changed drastically in response to density, with more roots at low densities ( Figure 9b ; Table 3 ). The ratio of stem diameter to seedling height, was higher and more variable in seedlings grown at low density ( Figure 9c ; Table 3 ). Nitrogen content per seedling and nitrogen concentrations in stems and roots were not significantly affected by density (Figures 10a, 10c and 10d ; Table 3 ). The proportion of nitrogen allocated to roots decreased with increasing density (Figure 10b ; Table 3 ), in parallel with the changes in root mass ratio.
Carbon isotope ratio was strongly affected by plant density (Figure 11 ; Table 3 ), indicating that intercellular carbon dioxide (CO 2 ) concentration (C i ) was on average lower in plants grown at low density. Low C i can be the result of water stress causing stomatal closure or high photosynthetically active radiation (PAR) increasing the internal demand for CO 2 .
Light quality experiment
Far-red light from LEDs markedly and quickly increased stem elongation (Figure 12 ; P < 0.0001 for the FR treatment by time 1232 APHALO AND RIKALA TREE PHYSIOLOGY VOLUME 26, 2006 interaction), whereas red light from LEDs had little effect on stem elongation (P = 0.34 for the R treatment by time interaction).
Discussion
Interactions between neighboring plants can be either positive (facilitative) or negative (competitive). Such effects must have a role in determining the outcome of interspecific competition (e.g., Callaway and Walker 1997), but they may be equally relevant to an understanding of intraspecific interactions. In our experiments, belowground interactions were prevented by raising seedlings in containers and supplying them with equal amounts of mineral nutrients. The only possible effect of neighboring plants on the environment of roots was through soil temperature, with lower soil temperatures measured (data not shown) at high densities because of shading. Seedling dry matter accumulation decreased slightly with plant density according to measurements at the end of the Year 1 experiment. However, plant dry mass was unaffected by plant density in Year 2 when 28 instead of eight seedlings were measured at each density. This result probably reflects the effects of plant density on both environmental conditions and compensatory physiological and morphological responses of the plants. When height growth ceased, leaf area index (LAI) ranged from about 44 at the highest density to about 7.5 at the lowest density. Thus, the main alterations in the environment with increasing density were likely: (1) decreased available energy for photosynthesis per unit leaf area; and (2) decreased transpiration demand (less incident energy per unit leaf area, higher air humidity, less wind). The main adjustments in plant morphology with increasing plant density were: (1) a reduction in root mass ratio; (2) an increase in stem height; and (3) the formation of thinner but larger leaves (changes in LAR and SLA).
In the experiment of Aphalo and Rikala (2003) , dry mass of birch seedlings measured after leaf fall decreased with plant TREE PHYSIOLOGY ONLINE at http://heronpublishing.com density, contrary to what we observed here. In the earlier study, height increased with plant density while dry matter allocation to roots decreased, as reported here. However, in the earlier study, acclimation responses to density were evidently insufficient to compensate for the reduced light availability. As in our experiment, Aphalo and Rikala (2003) found that concentrations of N (and of K and P) in stems + roots were unaffected by density. Both the means and the variances of seedling morphological characteristics are important determinants of planting stock quality, the goal being to produce plants that are uniformly well adapted for transplanting to the forest. The means and variances of seedling morphological traits must also be important in determining the outcome of interactions among plants in natural stands and the performance of the stand as a whole.
In each of the Nelder experiments reported here, the variance in height did not increase with density, whereas the variance in plant dry mass did. Thus, it appears that through phenotypic plasticity in height growth and other traits, seedlings of low dry mass were able to avoid growth suppression by larger neighboring plants (see Aphalo et al. 1999) . Among other morphological responses to high plant density was a late-season increase in SSL. Both the mean and the variance of SSL increased, accompanying the increased variance in whole plant dry mass. In contrast, the number of leaves was more variable at low than at high density because no branches were formed at high plant densities and the number of leaves was, 1234 APHALO AND RIKALA TREE PHYSIOLOGY VOLUME 26, 2006 thus, fixed by the number of nodes on the main stem. However, some lower leaves dropped prematurely at the highest densities.
The observed morphological responses to plant density are assumed to have been primarily in response to light, although other density dependent environmental factors may also have played a role. The effect of the response to plant density was to reduce size stratification and inequality in the sharing of resources (e.g., light) among individuals, leading to a more uniform population than would otherwise be expected (Ballaré et al. 1994 , Ballaré and Scopel 1997 , Aphalo et al. 1999 . Because small individuals become relatively more elongated, they capture proportionally more light than if they had had the same morphology as the dominant individuals. In our experiment, a few suppressed individuals were found, but only at the highest densities.
It is generally accepted that accelerated elongation in response to increasing plant density is a shade avoidance mechanism of competition for light (e.g., Schmitt et al. 1995 , Dorn et al. 2000 , which is limited in scope mainly by the impact of increased height on the mechanical stability of the plant. Modeling studies indicate that the optimal internode length for light capture increases with plant density and is also related to leaf lamina length (Sekimura et al. 2000) . In our experiment, leaf size increased with density, so based on these optimization arguments, one could expect that natural selection would have selected for elongation of internodes.
In the LED irradiation experiment, a rapid and highly significant acceleration of stem height growth in response to FR was observed. Responses of silver birch to light quality have been reported previously Lehto 1997, 2001 ); however, in earlier experiments the whole seedling was irradiated, whereas in our study only the growing internode was irradiated directly, although some stray light probably reached the adjacent leaves. From measurements during the early stages of the Nelder experiment, we know that the R:FR ratio at the irradiated stem position decreased markedly with density. These results led us to infer that, at least at early stages of canopy development, photomorphogenesis played an important role in the responses of seedlings to plant density. Furthermore, the photomorphogenic response was likely mediated by changes in the horizontal R:FR photon flux ratio, as has been demonstrated in some herbaceous plants (Ballaré et al. 1987 (Ballaré et al. , 1990 .
However, non-photomorphogenetic responses to density cannot be excluded. For example, ethlene accumulation within the canopy has been identified as an additional signal of crowding sensed by plants (Pierik et al. 2004) . Other responses could include effects of decreased PAR on lower leaves, decreased wind speed, increased relative humidity and decreased soil temperature at higher densities. However, in our experiment, these changes in the environment of the seedlings must have been most marked late in the development of the canopy. Such changes should affect leaf gas exchange, with lower intercellular CO 2 concentration under the higher irradiance and higher evaporative demand conditions of the low density canopy. The decrease in δ 13 C with density is probably a reflection of this effect. However, the decrease in δ 13 C in plant tissues could also have been caused partly by changes in δ 13 C in the air within the canopy as a result of the effect of plant density on the contribution of soil and plant respiration to carbon dioxide in the canopy air space. A similar effect of irradiance has been reported for measurements along an irradiance cline (Ehleringer et al. 1986 ).
To the best of our knowledge, the statistical method used to test for the effect of treatment on variability has not previously been used by plant physiologists. The method has value for analyzing dose-response experiments or other continuous experiments with covariates. Application of these methods is now possible with high-quality free software.
In conclusion, as hypothesized, light quality is a determinant of birch seedling responses to plant density during the early stages of canopy development, but the effects of other environmental variables likely play a role also, especially during the later stages of canopy development. Studying density effects on the variance of adaptive plant characteristics in addition to effects on the mean adds a new dimension to our understanding of seedling responses to the environment. The inter-plant variation in the magnitude of the shade-avoidance response seemed to partly compensate for the inter-plant variation in growth. This plasticity must have important consequences for height distribution within a population.
Of practical significance, our study shows that the density of nursery-grown tree seedlings influences not only mean seedling traits, but also seedling uniformity, both of which are important factors in the production of high quality forest planting stock. From a theoretical perspective, between plant variability is a key factor relating physiological processes to population and ecological processes. 
with b i~N (0,Ψ); where β is a p-dimensional vector of fixed effects and b i is a q-dimensional random effects vector associated with the ith group with variance-covariance matrix Ψ. In our case the fixed effects were initially given as a second-degree polynomial on the covariate row number in the Nelder pattern (proportional to logarithm of growing density). In addition the origin of these row numbers was shifted to the center of the table. In nlme:
fixed Asym xmid scal I(row 6.5) I((row 6.5) 2)= + + − + − During model building some of the (insignificant) seconddegree terms were removed.
The random effects were given as an intercept, with seedling or table as the grouping factor depending on whether the data was sequentially measured on the same seedlings or not.
In nlme, for the first case: random = ~1|seedling
The heterogeneity of variance was modeled, in this case, using the expected values as a variance covariate in a power of variance function. In nlme: 
where v ij is the variance covariate and δ a parameter.
For the analyses in Tables 2 and 3 , from observations for a single occasion rather than growth curves, we fitted by the method of restricted maximum likelihood second degree polynomial regressions against the logarithm of growing density, initially including a random effect for the intercept, taking into consideration the grouping by rack. These initial linear mixed effects models were of the form (in matrix notation):
where subscript i indicate the group, b i~N (0,Ψ), ε iÑ (0,σ 2 I) and b i is a random-effects vector describing the shift in intercept with group, in our case rack. The matrix Ψ in this case is equal to σ b 2 , ,the random effects variance. Because the random effects were very small, and in practice not estimable with precision, in the analyses presented we used generalized least squares models (sensu Pinheiro and Bates 2000), lacking random effects, but including a flexible model for the variance. The usual regression model being: 
where y ij is the observed response and x ij is the logarithm of growing density.
To test for the change in variability of the response variables as a function of density, we fitted in each case a model with fixed variance (the default in lme and gls), where ε ij~N (0,σ 2 ), as shown above, and a model with variance modeled as a function of a covariate logarithm of growing density. Each pair of fits was compared to test the significance of the effect of density on the variability. The only difference with the variance model used for the growth curves is that a different covariate was used (see Equation 4 ). In gls, for example, for diameter: model = diam~log(dens) + I(log(dens)^2) weight = varPower(form =~log(dens)).
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